Carotene isomerase mutant (crtH mutant) cells of Synechocystis sp. PCC 6803 can accumulate β-carotene under light conditions. However, the mutant cells grown under a light-activated heterotrophic growth condition contained detectable levels of neither β-carotene nor D1 protein of the photosystem (PS) II reaction center, and no oxygenevolving activity of PSII was detected. β-Carotene and D1 protein appeared and a high level of PSII activity was detected after the cells were transferred to a continuous light condition. The PSI activities of thylakoid membranes from mutant cells were almost the same as those of thylakoid membranes from wild-type cells, both before and after transfer to the continuous light condition. These results suggest that β-carotene is required for the assembly of PSII but not for that of PSI.
In the carotenogenesis of oxygenic photosynthetic organisms, β-carotene, one of the major components of carotenoids, is synthesized from the first carotene, 15-cis phytoene, via lycopene. 15-cis Phytoene is desaturated to lycopene by two stepwise desaturations catalyzed by phytoene desaturase and ζ-carotene desaturase, and is then cyclized by the gene product Lcy or CrtL to β-carotene (Sandmann 1994 , Sandmann 2001 , Armstrong 1997 , Bartley et al. 1999 , Cunningham and Gantt 2001 . Cells of a Euglena gracilis mutant W 3 BUL and a Senedesmus mutant C-6D accumulated cis-ζ-carotenes Schiff 1985, Sandmann 1991) . cis-ζ-Carotenes and poly-cis lycopenes were accumulated when the phytoene desaturase and ζ-carotene desaturase of Arabidopsis thaliana (Bartley et al. 1999 ) and maize (Matthews et al. 2003) were expressed in Escherichia coli.
In the metabolic pathway of the conversion of 15-cis phytoene to lycopene, recent studies on higher plants and a cyanobacterium indicated the participation of a new gene, crtISO or crtH, which encodes a cis-to-trans carotene isomerase (Breitenbach et al. 2001 , Giuliano et al. 2002 , Isaacson et al. 2002 , Park et al. 2002 , and the accumulation of poly-cis lycopenes in the mutant cells defective in this isomerase. The crtISO mutant, designated ccr2, of A. thaliana could not form prolamellar bodies in the etiolated seedlings (Park et al. 2002) , suggesting that the downstream carotenoids of all-trans lycopene play a role in the assembly processes. Although the affected genes have not been identified, carotenoids may be required for the assembly of the photosystem (PS) II in the mutants of green algae (Humbeck et al. 1989 , Herrin et al. 1992 ) and in the wild-type green alga treated with the herbicide norflurazone, which is an inhibitor of phytoene desaturase (Trebst and Depka 1997) .
Under light-activated heterotrophic growth (LAHG) conditions, the crtH mutant of the cyanobacterium Synechocystis sp. PCC 6803 produced primarily cis-lycopenes and small amounts of all-trans carotenes, which are intermediate carotenes for all-trans lycopene synthesis, but no xanthophylls. Under light conditions, however, this mutant produced carotenoids that were produced in the wild-type strain . Since β-carotene is a component of the PSII reaction center (Bialek-Bylka et al. 1995 , Tracewell et al. 2001 , Kamiya and Shen 2003 and the PSI reaction center (Bialek-Bylka et al. 1998 , Jordan et al. 2001 , β-carotene might play an important role in the PSI and PSII reaction centers. In the present study, we examined the activities of PSI and PSII in the wild-type and crtH-mutant cells grown under LAHG conditions. The results obtained suggest that carotene isomerization, which produces β-carotene, is required for the assembly of PSII but not for that of PSI.
The growth profiles of the crtH-mutant cells under photomixotropic conditions and those under LAHG conditions were similar to those of the wild-type cells (data not shown), suggesting that disruption of the crtH gene in the mutant has little effect on cell growth.
The pigment composition of the wild-type cells grown under LAHG conditions was similar to that under continuous light conditions for 48 h, although the amount of pigments increased (Fig. 1A, B) . The increase in Chl and carotenoids after the transfer to continuous light conditions might reflect light-dependent biosynthesis of pigments with light-dependent protochlorophyllide reductase (Fujita et al. 1998 ) and lightdependent isomerization of cis-carotenes .
The crtH-mutant cells grown under LAHG conditions did not contain xanthophylls, such as myxol dimethyl-fucoside, zeaxanthin and echinenone, which are normally contained in wild-type cells , nor did they contain a detectable level of β-carotene (Fig. 1C) . After being transferred to continuous light for 48 h (Fig. 1D) , the mutant cells contained myxol dimethyl-fucoside, a xanthophyll that is postulated to be synthesized via intermediate carotene(s) upstream of lycopene by newly identified lycopene β-monocyclase (Teramoto et al. 2003) . The mutant cells contained little zeaxanthin and echinenone, which are synthesized from β-carotene by oxygenation (Fernández-González et al. 1997 , Masamoto et al. 1998 . They also contained a significant amount of β-carotene, although cis-carotenes remained (Fig.  1D ). The new HPLC peak fraction in Fig. 1D at a retention time of 28.9 min showed an absorption spectrum of all-trans lycopene. The spectrum had peaks at 294, 364, 445, 472 and 501 nm. The increased peak fractions at retention times of 24.7 and 27.0 min in Fig. 1D showed absorption spectra that were slightly different from that of all-trans lycopene. The spectrum of the peak fraction at 24.7 min had peaks at 296 and 467 nm, and shoulders around 440 and 501 nm, whereas that of the peak fraction at 27.0 min had peaks at 294, 470 and 501 nm, and a shoulder around 440 nm. These results suggest that these peaks correspond to cis-types of lycopene. Fig. 2 shows the absorption spectra of the peak fractions at retention time 21.2 min of the HPLC profiles. The absorption spectrum (spectrum C in Fig. 2 ) of the peak fraction at a retention time of 21.2 min in Fig. 1C showed the absorption spectrum of all-trans neurosporene . The absorption spectrum (spectrum A in Fig. 2 ) of the peak fraction at 21.2 min in Fig. 1A was that of β-carotene . The absorption spectrum (spectrum D in Fig. 2 ) of the peak fraction at 21.2 min in Fig. 1D was slightly different from that of β-carotene. In order to delete the absorption spectrum of all-trans neurosporene (spectrum C in Fig. 2 ) from the absorption spectrum D in Fig. 2 , we subtracted spectrum C with different amplification factors. When we used an amplification factor of 2.5, the subtracted spectrum [spectrum (D-C) in Fig. 2 ] gave almost the same spectrum as that for β-carotene (spectrum A in Fig. 2 ). These results suggest that crtH-mutant cells grown under LAHG conditions contain little β-carotene, but its content increased significantly after being transferred to continuous light conditions for 48 h.
A crtR mutant of Synechocystis sp. PCC 6803 accumulates neither zeaxanthin nor myxol dimethyl-fucoside because it is defective in β-carotene hydroxylase, but its growth is not inferior to that of the wild-type cells (Lagarde and Vermaas 1999) . The crtR mutant had growth rates and oxygen evolution (from water to CO 2 ) similar to those of wild-type cells (K.
Masamoto, K. Hatano and H. Wada, unpublished data). These findings suggest that zeaxanthin and myxol dimethyl-fucoside are not required for assembly of the reaction centers.
Western blot analysis revealed that thylakoid membranes isolated from wild-type and crtH-mutant cells contained PsaA, the reaction center protein of PSI (Fig. 3) . After transfer to continuous light conditions, the amount of PsaA in the crtHmutant cells increased significantly. In thylakoid membranes isolated from wild-type cells, the reaction center protein D1 was detected and its level increased slightly after transfer to continuous light conditions. By contrast, thylakoid membranes isolated from crtH-mutant cells grown under LAHG conditions contained hardly any D1 protein and the amount of D1 protein significantly increased to a level similar to that in the wild type after transfer to continuous light conditions. The results suggest that the PSII complex is not properly formed in crtH-mutant cells grown under LAHG conditions.
We measured photosynthetic electron transport activities in thylakoid membranes prepared from wild-type and crtHmutant cells. As shown in Table 1 , PSI activity in thylakoid membranes prepared from cells grown under LAHG conditions was almost identical in wild-type and crtH-mutant cells. PSI activity in thylakoid membranes prepared from cells transferred to continuous light conditions for 48 h was much lower than that in thylakoid membranes prepared from cells grown under LAHG conditions. The decrease in PSI activity after light treatment was at least partly due to an increase in the amount of Chl a (see Fig. 1 ). The reactivity of the PSI complex after transfer to continuous light conditions might differ with the artificial electron donor and acceptor used. PSII activity was detected in thylakoid membranes prepared from wildtype cells grown under LAHG conditions. In spite of the increase in the amount of Chl a, PSII activity in thylakoid membranes from wild-type cells increased slightly after transfer of the cells to continuous light conditions. By contrast, PSII activity of thylakoid membranes from crtH-mutant cells grown under LAHG conditions was not detected. In addition, crtHmutant cells grown under LAHG conditions showed no photosynthetic oxygen evolution (electron transfer from water to CO 2 ) (data not shown). However, PSII activity was detected in thylakoid membranes from crtH-mutant cells after transfer to continuous light conditions at a level similar to that detected in thylakoid membranes from wild-type cells. When we used 3 mM hydroxylamine as the electron donor, 2,6-dichlorophenolindophenol (DCIP) photoreduction activity was 25.0 µmol DCIP (mg Chl) -1 h -1 in thylakoid membranes from wild-type cells, but no activity was detected in thylakoid membranes from crtH-mutant cells. When we used the electron donor diphenylcarbazide (DPC) (250 µM), the activity was 11.4 µmol DCIP (mg Chl) -1 h -1 , in thylakoid membranes from wild-type cells, but no activity was detected in thylakoid membranes from crtH-mutant cells. This absence of detectable activity might be attributed to the very low activity of the PSII reaction center in crtH-mutant cells grown under LAHG conditions. X-ray crystal structure analysis of PSI for the thermophilic cyanobacterium Thermosynechococcus elongatus indicated 22 β-carotenes and 96 Chls in one monomer of PSI (Jordan et al. 2001 ). X-ray crystal structure analysis of PSII also assigned two β-carotenes and six Chls (Kamiya and Shen 2003, Zouni et al. 2001) . The presence of 15-cis-β-carotene in PSI and PSII reaction center complexes also supports the suggestion that β-carotene plays important roles in the reaction center complexes (Bialek-Bylka et al. 1995 , Bialek-Bylka et al. 1998 . β-Carotene acts as a Chl triplet quencher (Frank et al. 1999 ) and a redox intermediate in PSII (Tracewell et al. 2001) . These facts suggest that β-carotene is an essential component in the assembly of the PSII reaction center complex. Our present results indicate that β-carotene is required for the assembly of PSII. In PSI, cis-type intermediate carotene(s) can be used instead of β-carotene.
Wild-type and crtH-mutant cells of Synechocystis sp. PCC 6803 were grown at 30°C for 3-4 d in a BG-11 medium supplemented with 10 mM HEPES buffer (pH 7.5) and 5 mM glucose under LAHG conditions (Anderson and McIntosh 1991) . A light pulse was supplied by white fluorescent lamps for 10 min once a day at an intensity of 15 µmol photons m -2 s -1 . For light treatment, cells grown under LAHG conditions were irradiated (40 µmol photons m -2 s -1 ) with white fluorescent lamps. The other conditions for growth were the same as those described in the previous report .
Pigment analysis was carried out fundamentally by the same method as previously reported . Washed cells were extracted with 90% acetone under dim light and pigments were separated by HPLC with a Develosil C30 column (250×4.6 mm, 5 µm; Nomura Chemical Co., Seto, Japan). The pigments were eluted using 70% methanol-30% ethanol for the first 3.5 min followed by a 10-min linear gradient of 30-100% ethanol in methanol, and then 100% ethanol was continued isocratically until the completion of the 30-min separation. The flow rate was 1.0 ml min -1 . Eluates were monitored at 450 nm (SPD-10AV; Shimadzu, Kyoto, Japan), and absorption spectra were obtained with a photodiode array detector (SPD-M10AV). Three units [(OD at 750 nm)×(ml) = 3] of cells were used for the extraction with acetone.
We prepared thylakoid membranes and measured photosynthetic activities according to the method previously used (Hagio et al. 2000) . We measured photosynthetic activities with a Clark-type oxygen electrode (DW1; Oxygraph, Hansatech, King's Lynn, U.K.) at 30°C using red-light illumination (R-60 filter, 300 µmol photons m -2 s -1 ). The reaction mixture for the photosynthetic activity measurements of thylakoid membranes contained 50 mM HEPES-NaOH (pH 7.5), 1 M glycine betaine and 0.8 M sorbitol. In addition to the reagents described above, for the PSII activity measurement, 2,5-dichloro-1,4-benzoquinone (DCBQ, 0.5 mM) and potassium ferricyanide (1 mM) were added. For the PSI activity measurement, 1 mM 2,3,5,6-tetramethyl-phenylene-1,4-diamine (DAD), 1 mM Na-ascorbate, 0.5 mM methylviologen (MV), 10 µM DCMU and 1 mM KCN were added. The Chl concentrations were 3.6 and 2.0 µg Chl ml -1 for the measurements of PSII and PSI, respectively. DCIP photoreduction activity of thylakoid membranes with NH 2 OH (3 mM) or DPC (250 µM), an electron donor to PSII reaction center, was measured at 590 nm in the split mode with a Shimadzu UV-300 spectrophotometer in a reaction mixture containing 50 mM HEPES (pH 7.5), 1 M glycine betaine, 0.8 M sorbitol, 30 mM CaCl 2 , 50 µM DCIP, 2 mM NH 4 Cl and thylakoid membranes (5 µg Chl ml -1 ). The intensity of the actinic light through a red filter (Toshiba R64, Japan) was 1,200 µmol photons m -2 s -1 . Thylakoid membranes containing 5 µg protein were solubilized and subjected to SDS-PAGE with a 12% polyacrylamide gel containing 4 M urea. Separated proteins were blotted onto a nitrocellulose membrane (Hybond-ELC; Amersham, U.K.) for immunodetection. D1 and PsaA proteins were detected by the standard color developing method (Smart et al. 1991 ) using goat anti-rabbit IgG-alkaline phosphatase as secondary antibody (170-6518; Bio-Rad Laboratories, Hercules, CA, U.S.A.).
